A new touch sensor device has been demonstrated with molybdenum disulfide (MoS 2 ) field effect transistors stacked with a piezoelectric polymer, polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE). The performance of two device stack structures, metal/PVDF-TrFE/MoS 2 (MPM) and metal/PVDF-TrFE/Al 2 O 3 /MoS 2 (MPAM), were compared as a function of the thickness of PVDF-TrFE and Al 2 O 3 . The sensitivity of the touch sensor has been improved by two orders of magnitude by reducing the charge scattering and enhancing the passivation effects using a thin Al 2 O 3 interfacial layer. Reliable switching behavior has been demonstrated up to 120 touch press cycles.
Introduction
Recently, two-dimensional (2D) materials have been extensively studied because of their various benefits in terms of electrical, optical, and mechanical characteristics [1] [2] [3] [4] . Among 2D materials, graphene has attracted huge attention initially, but actual applications as a switching device have been very limited due to the small bandgap [5] [6] [7] [8] [9] [10] . In contrast, MoS 2 is slowly getting attention as a suitable material for switching applications because single-layer MoS 2 has a direct bandgap of 1.8 eV and multilayer MoS 2 has an indirect bandgap of 1.3 eV [1, 2, [11] [12] [13] .
Radisavljevic et al recently reported single-layer MoS 2 field effect transistors (FETs) with enhanced mobility (217 cm 2 V −1 s −1 ) [1] and a MoS 2 top-gate nonvolatile memory device using ferroelectric polarization of polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) was reported [14] . In addition, other applications of MoS 2 are being actively investigated. Lee et al demonstrated band-gap-modulated top-gate phototransistors [15] and Bertolazzi et al reported a high Young's modulus (238-270 GPa) with suspended MoS 2 membranes [16] .
In this research, a touch sensor device has been demonstrated with MoS 2 FETs combined with the piezoelectric polymer, PVDF-TrFE. PVDF-TrFE was chosen because of its relatively high piezoelectric coefficient (P r ∼ 7.2 µC cm −2 ), durability, and low deposition temperature [17] [18] [19] . Two kinds of device structures, metal/PVDF-TrFE/MoS 2 (MPM) and metal/PVDF-TrFE/ Al 2 O 3 /MoS 2 (MPAM) were fabricated to examine the benefits of an interfacial layer between the PVDF-TrFE and MoS 2 . By inserting a 20 nm thick Al 2 O 3 buffer film between MoS 2 and PVDF-TrFE, a piezoelectric insulator semiconductor (PIS) structure was constructed and the sensitivity of the touch sensor was drastically improved by reducing charge scattering and enhancing passivation effects [1, [20] [21] [22] [23] [24] . The MPAM touch sensor devices exhibited stable 30-40 nA current shifts for 80 MPa (1 kg press force) as well as reliable operation over 100 touch cycles.
Experimental details
Mechanically exfoliated MoS 2 flakes were transferred to SiO 2 (285 nm)/Si substrates. The optical characteristics of the transferred MoS 2 flakes were evaluated by Raman measurements. Photolithography, metal deposition, and liftoff processes were used to form source and drain electrodes at a distance of 10 µm. After the metal deposition, thermal annealing was performed in a vacuum chamber at 200 • C for 2 h to reduce the contact resistance between the MoS 2 channel and the electrodes. Atomic layer deposition was used to grow 20 nm thick Al 2 O 3 film on MoS 2 FETs at 130 • C, and a thermal annealing treatment was again conducted to densify the film. A 15 wt% PVDF-TrFE solution was coated on the completed MoS 2 FETs at 3000 rpm for 30 s, followed by thermal annealing at 140 • C for 1 h on a hotplate.
Electrical evaluations of MoS 2 FETs were done before and after spin coating the polymer piezoelectric PVDF-TrFE layer. Also, piezoelectric effects on the electrical transport characteristics of MoS 2 FETs were observed by applying a vertical force on the PVDF-TrFE layer. Electrical properties were measured using a Keithley 4200-SCS semiconductor parameter analyzer, and the piezoelectric effect was evaluated using the microhardness tester FM-800. Finally, Raman spectroscopy was used to investigate the optical properties of multilayer MoS 2 flakes. Figure 1(b) is the optical image of a microhardness tester equipped with a Teflon tip (diameter of touch area = 200 µm) that applies a pressure on a touch sensor device chip while measuring the current modulation using tungsten probes. A top-view optical image of a MoS 2 FET is shown in figure 1(c). For the substrate, a 285 nm SiO 2 layer was chosen because MoS 2 can be optically observed on a 270-300 nm SiO 2 substrate [1, 25, 26] . Multilayer MoS 2 is clearly seen on the SiO 2 substrate in figure 1(c). The multilayer MoS 2 flake is large enough to be connected between the source and drain, which are separated by 10 µm, enabling simple top-down device fabrication using a contact photolithography process [27] . 2g mode, which is attributed to in-plane vibrational motion of Mo and S atoms, and the A 1g mode, which corresponds to out-of-plane vibrational motion of Mo and S [25, 28, 29] . Also, the thickness of the MoS 2 can be monitored using the frequency difference between the two bands. As the MoS 2 film becomes thicker, the difference in frequency increases; the E 1 2g mode redshifts and the A 1g mode blueshifts [28] . Single and bilayers are known to show 18-20 −1 and 20-22 cm −1 frequency differences, respectively. In our case, the frequency difference of the MoS 2 flake in the optical image is ∼25 cm −1 , indicating the presence of a multilayer MoS 2 flake [25] . [30] . In the MPM touch sensor device, drain current and mobility decreased significantly after the PVDF-TrFE coating ( figure 2(a) ). The mobility diminished from 1.48 to 0.27 cm 2 V −1 s −1 while the drain current changed from 0.95 to 0.18 µA at the same overdrive (V g − V th = −20 V) after compensating for the 6 V V th shift. On the other hand, the MPAM structure exhibited a less significant reduction in drain current and mobility, but an ∼14 V V th shift was observed after coating with PVDF-TrFE ( figure 2(b) ). Here, a 14 V V th shift corresponds to 5.25 × 10 12 cm −2 residual charges in the PVDF-TrFE layer. The mobility and drain current changed from 9.68 to 6.67 cm 2 V −1 s −1 and from 2.95 to 2.84 µA, respectively, at the same overdrive (V g − V th = −20 V).
Results and discussion
For statistical comparison, 41 PVDF-TrFE/MoS 2 devices and 5 PVDF-TrFE/Al 2 O 3 /MoS 2 devices were tested. A drain current reduction of 68.3% and 17.1% for the MPM and MPAM touch sensor devices, respectively, was observed. Drain current reduction rates were extracted at the same overdrive voltage (V g − V th ). The differences between the two kinds of device structures are primarily attributed to the interfacial layer preventing remote charge scattering due to the PVDF-TrFE layer. A similar role of insulating layers between the ferroelectric material and semiconductor, forming a ferroelectric insulator semiconductor (FIS) structure, has been investigated for silicon devices [20, 21, 24] .
Electrical transport modulation by touch force was quantitatively studied using the microhardness tester shown in figure 1(b) . Figure 3 (a) shows schematic images of the MPAM touch sensor device with and without touch force applied to the PVDF-TrFE film. Corresponding band diagrams are shown side by side. When a touch force is applied, compressed PVDF-TrFE film generates dipoles aligned in the same direction, introducing more electrons into the MoS 2 channel [17] . The relationship between the charges generated in the PVDF-TrFE and the applied force is expressed in the following equation:
where Q is the charge from the aligned dipoles, d 33 is the piezoelectric coefficient of PVDF-TrFE (−38 pC N −1 ), and F is the touch force applied to the PVDF-TrFE film. As the touch force increases, more charges are generated and the transfer curve is shifted to the left. Figure 3 (b) displays the transfer characteristics of the MPAM touch sensor device at V DS = 0.5 V for three cases: before the press, during the press, and after the press. The back bias sweep ranges from −100 V to 20 V. The transfer curve shifts in the negative direction when the force is applied and shifts in the positive direction again when the force is removed, showing a clear recovery behavior. The shift of I-V curves proportional to the touch force can be generated by both the piezoelectric effect and the electrostriction effect. In our device, the piezoelectric effect should be more significant than the electrostriction effect at room temperature because the electrostriction effect is only significant at a temperature above the Curie temperature of PVDF-TrFE (∼ over 380 K) [31] . However, the amount of parallel shift in the I-V curves was less than what is expected from charges generated at the bottom interface of the PVDF-TrFE layer. Assuming 80 MPa (1 kg load) is applied to the PVDF-TrFE layer, the calculated charge density of the PVDF-TrFE should be ∼2.0 × 10 12 cm −2 according to the equation (1), while the charges induced in the MoS 2 layer calculated from the V th shift are 4.2 × 10 11 cm −2 only, which is ∼21.1% of the charge density at the PVDF-TrFE layer. This reduction is understandable since the charges in the MoS 2 layer are induced according to the capacitance coupling ratio among the capacitance of the Al 2 O 3 , the capacitance of the MoS 2 layer (assuming an n-type doped layer), and the capacitance of 285 nm SiO 2 . In addition, other factors such as parasitic capacitance from atomic gaps or additional charge coupling of defect sites might partially contribute to the degradation of the effective coupling ratio. Ignoring the contribution of parasitic capacitances, the thickness of the MoS 2 layer can be roughly estimated from the capacitance of the MoS 2 layer, which is necessary to achieve the 21% charge coupling between the dipole charge density in the PVDF-TrFE and the charge density at MoS 2 layer. The effective minimum thickness of MoS 2 roughly estimated from ∼21% of the charge coupling ratio is about six layers (∼4 nm) (see calculation steps in supporting information available at stacks.iop.org/Nano/24/ 475501/mmedia). Figure 3(c) shows the current modulation of MoS 2 touch sensor devices during repetitive press/release sequences for two structures: the MPAM (blue line) and the MPM (red line). The current was measured with 80 MPa for 20 s at V BG = 0 V and V DS = 0.5 V. The current of the MPM device had to be multiplied by a factor of ten to show both curves on the same scale (marked '×10') in figure 3(c) . By inserting the insulating Al 2 O 3 layer, the sensitivity of the MPAM touch sensor is close to two orders of magnitude better than the MPM touch sensor. When 80 MPa was applied, the drain current shift in the MPAM and MPM devices was 32.8 nA and 0.47 nA, respectively. However, there was almost no difference in switching speed. The rise time of I from 10% to 90% of the maximum was 3.9 s for both structures after applying 80 MPa. After releasing the press force, the current decreased with a decay time constant of 1.2 s and 0.5 s for the MPAM and MPM structures, respectively. This speed is by no means the limit of PVDF-TrFE, but rather the speed of the microhardness tester. PVDF-TrFE can have a response time as fast as 100 ns [32] , indicating that the insulating Al 2 O 3 layer passivates the interface between the MoS 2 and PVDF-TrFE layer and does not significantly influence the switching behaviors of the touch sensors.
A repetitive press test was performed to study the reliability of the devices as shown in figure 3(d) . The entire press/release sequence was repeated 120 times with 80 MPa over 5 s at V BG = 0 V, V DS = 0.5 V. The amount of current shift was maintained well within 33-43 nA (average current shift = 38.7 nA). The high stability of the touch device is attributed to the mechanical flexibility of the PVDF-TrFE layer, which has a high Young's modulus ∼1580 GPa [33] .
To further understand the responses to the touch pressure, the MoS 2 touch device was pressed at wide range of pressure from 8 to 160 MPa, as shown in figure 4(a) . As the pressure increased, the amount of drain current shift increased linearly and then saturated at ∼40 nA. For a more quantitative analysis, the amount of charge required to generate the current difference shown in figure 4(a) was calculated and compared to the theoretical prediction. In figure 4(b) , the charge density of PVDF-TrFE was calculated using equation (1); the blue line shows the charges in MoS 2 , theoretically estimated assuming ∼21% of the charge coupling ratio. The charges induced in the MoS 2 layer saturated at ∼7.7 × 10 11 cm −2 . The discrepancy between the theoretical prediction and experimental data starts to increase above 1 kg of press weight, as the experimental data exhibits saturation behavior. This saturation might be explained by the deformation limit of the PVDF-TrFE layer in this force range. A linear response to external forces up to 0.1 kg has been reported for PVDF-TrFE [34] . Since a wide range of touch pressure in the range of 8 MPa (0.1 kg)-160 MPa (2 kg) was used in this study, the saturated deformation of PVDF-TrFE at above ∼24 MPa seems reasonable. This saturation behavior may limit the sensitivity of MoS 2 touch sensors.
To improve sensitivity, the thickness of the Al 2 O 3 layer and SiO 2 substrate would have to be scaled down to modulate the charge coupling ratio, and the quality and thickness of the PVDF-TrFE layer should be optimized further. Thus, MoS 2 touch devices were fabricated with various thicknesses of PVDF-TrFE and Al 2 O 3 . Figure 5(a) shows the drain current shifts for MoS 2 touch devices with 500 nm, 1 µm, and 3 µm thick PVDF-TrFE under 20 s of press and release sequence tests. The measurements were conducted at V DS = 0.5 V, V BG = 0 V with 80 MPa touch pressure. The drain current shifts under the pressure were 39 nA, 33 nA, and 340 nA for 500 nm, 1 µm, and 3 µm of PVDF-TrFE layers, respectively. Around ten times higher sensitivity for 3 µm PVDF-TrFE indicates that crystallinity and dipole charge density are indeed critical to improving the pressure sensitivity.
Similarly, MoS 2 touch devices with 10, 20, and 40 nm thick Al 2 O 3 buffer layers were fabricated and tested. Figure 5(b) shows that the better capacitive coupling using a thinner Al 2 O 3 layer is important to improving the pressure sensitivity. In our experiment, up to 20 times higher sensitivity could be achieved by optimizing the thickness of the PVDF-TrFE and Al 2 O 3 . More experimental data on the thickness dependence of sensitivity and device stability are provided as supplemental data in figures S5-S7 (available at stacks.iop.org/Nano/24/475501/mmedia).
Conclusions
In summary, a new touch sensor device using a hybrid semiconducting MoS 2 and piezoelectric polymer, PVDF-TrFE, has been demonstrated. This touch sensor showed stable drain current modulation ( I) in proportion to the applied force as well as good endurance during the repetitive press/release test.
